Heavy flavour tagging provides a broad range of possibilities in testing QCD features at LEP. We present here a detailed study of 4jets events at LEP I where the so-called light gluinos could be directly produced. We show that microvertex techniques offer a unique chance to perform kinematical cuts in order to optimise the signal coming from gluino production with respect to the background of ordinary QCD events. Our results indicate that experimental analyses along the lines suggested here can exclude or reveal the presence of relatively long-lived gluinos for a wide range of masses and lifetimes.
Introduction
Supersymmetry (SUSY) predicts the existence of a spin 1/2 partner of the gluon g, the so-called gluinog. Like the QCD gauge boson, it is neutral, it is its own anti-particle (i.e., it is a Majorana fermion) and its coupling to ordinary matter is precisely determined in terms of the usual QCD colour matrices and the strong coupling constant α s [1] . However, in contrast to the gluon, whose mass is predicted to be zero by the theory, that of the gluino mg is a priori an arbitrary parameter, and so is its lifetime τg.
Many searches have been carried out in order to detect or rule out such a particle: a recent survey, including the description of various experiments, can be found in Ref. [2] . The status of our present knowledge about gluinos is well summarised in Fig. 1 , where the excluded regions in mass and lifetime are shown 1 . It is clear from the plot that relatively long-lived and light gluinos (decaying into a 'photino' 2 ) are not yet excluded by the experiment.
In the theory it is natural for gluinos to be much lighter than squarks if their mass is induced radiatively [4] . Furthermore, gluino and lightest neutralino masses are naturally less than a few GeV if dimension-3 SUSY-breaking operators are absent from the low energy theory [5] . Since these values of mg and τg are within the reach of present accelerators [6] , such a window has received some attention in past years [7] 3 . Thus, if the gluino is that light, it should be directly produced at LEP I: either in 2jet [10] or in 4jet events [11] .
Recently, there has been a renewed interest in this possibility, especially motivated by the discrepancy between the value of α s determined by low energy deep-inelastic leptonnucleon scattering and the one measured by the e + e − CERN experiments [12] . In this respect, although the discrepancy between the two values of α s is statistically very small [13] and has slightly decreased in the latest measurements [14] , it has been speculated that the evolution of the strong coupling can be slowed down by a contribution to the β function of a new, coloured, neutral fermion: a light gluino. Concerning searches of such a particle in other contexts, it should be noted that gluino effects on the Altarelli-Parisi evolution of the structure functions are too small to be tested using the present experimental data [15] as well as those in the so-called '3+1' jet events at HERA [16] . More recently, very interesting searches for light gluino signals have been carried out at the Tevatron [17] .
The search for SUSY-signals at LEP I has been carried out so far mainly in the context of the so-called QCD colour factor analyses in 4jet samples [18, 19] . The basic idea is to measure the fundamental colour factors of QCD, that is, C A and C F (the Casimir operators of the fundamental and adjoint representations of the gauge group SU(N C )), and T F (the normalisation of the generators of the fundamental representation), which are determined from the SU(N C ) generators (T a ) ij and the structure constants f abc via the relations
where a, b, ..(i, j, ...) represent gluon(quark) colour indices, with
In QCD (i.e., N C = 3), one gets C A = 3 and C F = 4/3. The factors C A , C F and T F represent the relative strength of the couplings of the processes q → qg, g → gg and g → qq, respectively (see, e.g., Ref. [20] ). In order to measure these quantities, one compares the theoretical predictions to the data, by leaving the colour factors as free parameters to be determined by the fit. In practice, one of these, e.g., C F , is absorbed in the normalisation of the cross sections leaving two independent ratios C A /C F and T R /C F , with T R = N F T F , being N F the number of active flavours. The analytical formulae of the cross section for e + e − → 4jet can be found in Ref. [21] . However, because they are only valid for massless particles, we will use expressions at amplitude level (as given for example in Refs. [22, 23] ), where mass effects (which will be of our concern) are taken into account. The importance of mass effects in 4jet events has repeatedly been recalled in literature [22, 23, 24, 25] .
The experimental analyses are preferentially based on angular correlations between jets [26] , as they are sensitive to differences between the 2q2g ( Fig. 2a -c) and the 4q ( Fig. 2d ) component of 4jet events. Light gluinos would enter in 4jet events via diagrams of the type depicted in Fig. 3 , in the process e + e − → qqgg (through a g * →gg splitting) 4 . As gluinos are coloured fermions, their contribution would enhance the part of the 4jet cross section with angular structure similar to that of 4q events. Naively then, one could say that the total number of flavours N F of the theory is apparently increased, such that a SUSY-signal can be revealed in the form of an enhancement of T R with respect to the predictions of pure QCD.
The present status of the colour factor analyses [18] is that although the experimental measurements are in good agreement with QCD, it is not possible to exclude the existence of a lightg. In particular, gluinos with a mass of at least 2 GeV yield an expectation value for T F /C F that is within one standard deviation of the measured one. Even the extreme case of a massless gluino (for which T F /C F ≈ 0.6) would bring the predictions only slightly beyond the upper experimental region of 68% confidence level (CL) [19] . What is also clear from these analyses is that they have difficulties in putting stringent bounds on the existence of light gluinos, because of the small contribution to the total cross section of the 2q2g events, which is even more reduced when mass effects are taken into account. Recently, a new theoretical analysis of the colour factor determination in 4jet events has been performed [27] . It is claimed that a gluino mass of < ∼ 1.5 GeV is apparently excluded at more than 90% confidence level by the 1991-92 OPAL data [19] . The analysis is on the same lines as [24] with the new ingredient of considering the colour factor C A /C F sufficiently well known as to be taken for its QCD value. The other factor is then constrained by the data fits and from it an improved bound on the number of active flavours can be obtained. However, note that a fundamental ambiguity has not been removed. That is, gluino effects on the total number of 4jet events are comparable in percentage to the systematic uncertainties related to jet hadronisation process and/or the y cut dependence. Therefore, we do not regard this result as conclusive yet in the mentioned range.
A possible improvement of these analyses is the one advocated in Ref. [22] . There, it was emphasised the importance of 4jet events in which two jets are tagged as b-jets. In this way, one gets a greater discrimination power between qqgg and′q′ events with respect to the angular variables, for two reasons. First, one is able to distinguish between quark and gluon jets, thus assigning the momenta of the final states to the various particles in the correct way 5 . Second, qqgg event rates are reduced by the heavy flavour selection by a factor of 3/5 with respect to the′q′ ones. Therefore the 4q signal is enhanced by almost a factor of two and the differences between the quark and the gluon components can be more easily studied. The crucial point in analyses based on b-tagging is that the total statistics in 2b2jet events is greatly reduced with respect to that available when no heavy flavour identification is exploited, both because only combinations of flavours including b-quarks are retained and also because b-tagging efficiency at LEP I is still rather low. However, b-tagging opens a new window of possibilities in studying 4jet events: in fact, preliminary studies have been already reported [29] (showing that a considerable reduction of the systematics can be achieved) whereas others are currently in progress [30] .
Independently of the final results of these new, improved analyses, we would like to point out here that there are other possibilities offered by the µ-vertex devices. This is clear if one considers that long-lived gluinos might produce 4jet events with detectable secondary vertices [31, 32] . In particular, it is the purpose of this report to study to which extent such experimental techniques can be used for detecting SUSY-signals at LEP I, even when no special effort is made in order to distinguish between displaced vertices due to b-quarks and to gluinos.
The plan of the paper is as follows. In the next Section we describe our calculations, and in Section 3 we devote some space to discuss the required tagging procedure. In Section 4 we present our results and Section 5 contains some brief conclusions.
Calculation
The Feynman diagrams describing at tree-level the reactions
are shown in Figs. 2-3. In the following, when mentioning the corresponding rates we will always imply a summation over the flavours q ( ′ ) = u, d, s, c and b. In the present analysis we have computed the matrix elements of processes (3)-(5) with the same FORTRAN generator already used in Refs. [22, 23] , which takes all masses and both the γ * and Z intermediate contributions into account exactly. For this study, the above program has been also checked against the one used in Ref. [24] , in the appropriate limit (i.e., when the masses along the fermion lines attached to the γ * , Z propagator are neglected). For all the details of the numerical computations, as well as for the explicit helicity amplitude formulae, see [23] , whereas we refer to [22] for the definitions of the angular variables that will be used in the following: that is [26] ,
• χ BZ , the Bengtsson-Zerwas angle;
• φ * KSW , the (modified) Körner-Schierholz-Willrodt angle;
• cos θ * N R , the cosine of the (modified) Nachtmann-Reiter angle;
• cos θ 34 , the cosine of the angle between the two 'untagged' jets θ 34 (see below).
For a description of their main features, see Ref. [28] .
We have analysed processes (3)-(5) adopting four different jet-finding algorithms. They are identified through their clustering variable y ij . They are ( √ s = M Z ): the JADE scheme (J) [33] based on the variable
and its 'E' variation (E) 6
the Durham scheme (D) [34] 
and the Geneva algorithm (G) [35] y G ij =
For all of them the two (pseudo)particles i and j (with energy E i and E j , respectively) for which y ij is minimum are combined into a single (pseudo)particle k of momentum P k given by the formula
The procedure is iterated until all (pseudo)particle pairs satisfy y ij ≥ y cut . The various characteristics of these algorithms are well summarised in Ref. [35] . In our lowest order calculation, the four jet cross section for a given algorithm is simply equal to the four parton cross section with a cut y ij ≥ y cut on all pairs of partons (i, j).
Concerning the numerical part of our work, we have taken α em = 1/128 and sin 2 θ W = 0.23, while for the Z boson mass and width we have adopted the values M Z = 91.1 GeV and Γ Z = 2.5 GeV, respectively. For the quarks we have: m c = 1.7 GeV and m b = 5.0 GeV while the flavours u, d and s have been considered massless. We have varied the gluino mass mg in the range between 0 and 20 GeV. Finally, the strong coupling constant has been set equal to 0.115 7 .
Tagging procedure
As already noticed in Ref. [31] , and exploited in Ref. [32] , gluinos with finite lifetime should give displaced vertices at LEP I. In order to tag a gluino decay, the corresponding secondary vertex has to be inside the detectors, such that only gluinos with a lifetime no longer than ≈ 10 −9 sec can be searched for at the e + e − CERN machine [32] . Nonetheless, this represents a quite appealing opportunity, as the most part of the (mg, τg) window of Fig. 1 could then be covered by the experiment. In particular, we note that gluinos with lifetimes comparable to that one of the b-quark (τ b ≈ 10 −12 sec, corresponding to a decay length of approximately 3 mm) are still compatible with experimental data, such that their secondary vertices could well be confused with those due to b-quarks. This 'degeneracy' in lifetime ideally happens along a straight line in the gluino mass-lifetime plane of Fig. 1 . However, one has to bare in mind two crucial points. On the one hand, the lifetime τ b of the b-quark is not a quantity well defined per se, rather it is obtained as an average over the values of the lifetimes of the B-hadrons (both mesons and baryons) [36] , which are used in order to tag jets that arise from b-quarks. For example, it is well known that a 'hierarchy' exists for B-baryons [37] , yielding differences in lifetime of several tens of percent (see, e.g., [38] ). Furthermore, in the framework of the Heavy Quark Effective Theory (HQET), it is possible to predict variations up to ≈ 70% among different meson lifetimes, and up to ≈ 20% for differences between mesons and baryons [39] . On the other hand, the experimental efficiency in detecting secondary vertices as well as the accuracy of the measurement are finite [38] , and, generally, they both get worse as the number of jets of the final state (and/or their multiplicity) increases. Thus, in exploiting b-tagging techniques in 4jet events including gluinos, one necessarily concludes that the mentioned degeneracy between b andg microvertices could occur for values of τg over a sizable region around τ b 8 .
We intend here to push even further such a degeneracy, by exploiting a tagging strategy which does not take into account any of the possible differences that could occur in 4jet events with two secondary vertices due to either b-quarks or to gluinos. That is, as long-lived gluinos necessarily decay in a space-time point which is different from that where they were originally produced, we assume that when making secondary vertex tagging one naturally includes in the 2b2jet sample also SUSY-events, in which ag behaves as a b-quark. We will call such an approach a 'minimal trigger' procedure, and we will refer to that by adopting the general terminology of V -tagging (where V stands for vertex).
Further, we exploit here the fact that there are obvious kinematical differences betweeñ g-and b-jets. In particular, these are related to the fact that gluinos are always secondary products: that is, they are produced by the splitting of a gluon emitted in a γ * , Z →decay, whereas this is generally not the case for b-quarks. After appropriate cuts in the invariant mass of the pair of V -tagged jets and in that of the remaining two, SUSY signals should appear in the final number of 4jet events as a clear excess with respect to the predictions due to pure QCD.
This approach is intimately related to that proposed in Ref. [32] , where both the possibilities of a vertex tagging of gluino jets and the effectiveness of the kinematical cuts were already recognised. There are however substantial differences in the way these two aspects are exploited. There, the author proposes four vertex tags, on both gluino and b-jets, in order to isolate a pure 2b2g sample, after further exploiting the fact that gluinos are neutral whereas b's are charged to get rid of the ordinary QCD background in 4b events. Although such a procedure is theoretically well grounded, we believe its experimental application to be prohibitively demanding in terms of final statistics of the analysis. In fact, as the current vertex tagging efficiency ε at LEP I is around 30% per jet, the corresponding total reduction would be more 9 than a factor 100, and in addition only q = b flavours would be retained in 2b2g events (thus, 1/5 of the original SUSY production rate). This is clearly beyond the present possibilities of the LEP experiments, especially if one considers that not all the statistics has been collected there when the µ-vertex devices were already operating 10 and that LEP I has already stopped running at the Z pole. Our approach presents two clear advantages with respect to the previous one. First, it only demands two V -tags (further improvements could be also exploited: e.g., a 'mixed' approach that considers one V -tag and selects the least energetic jet). Second, it naturally includes in the candidate sample all produced SUSY-events. We think these two aspects to be decisive, especially if one considers that the initial rate of 2b2jet events from pure QCD is at the most a few thousands of events: for ≈ 4 × 10 6 hadronic Z decays, and assuming Γ bb ≈ 22%, R 4 ≈ 10% and ε ≈ 30%, where R 4 is the 4jet fraction and considering two b-tags.
There are, however, obvious differences between b-quarks and gluinos that could spoil the validity of our approach and that one must carefully consider before attempting the analysis. We spotted four of them. (i) The charge of b-quarks and gluinos is different. Therefore, in tagging the displaced vertices, one could also think of measuring the charge of the jet associated with the V -tagged parton. This way one could naturally exclude from the sample both 2q2g and 4q contributions. However, we stress that there is extremely low efficiency in measuring the total jet charge. That explains why, for instance, this fact is not used to discriminate partonic composition in 4jet events. (ii) Gluino lifetimes much longer than that of the b's are consistent with the experiments. Thus, it is reasonable to expect thatg's can give displaced vertices with significantly different decay lengths, with respect to that of b-quarks, well recognisable in the detector. However, we notice that a large part of the b-tagged hadronic sample at LEP I has been collected via a bi-dimensional vertex tagging [40] . Therefore, projections of different decay lengths d could well appear the same on the reproduced event plane. Certainly, a 'minimal decay distance' cut could be used at a second stage for further discrimination if gluinos have a lifetime much longer than τ b . (iii) Other than in lifetime, b-quarks and gluinos can differ in mass as well. Thus, one might attempt to exploit differences in kinematics between SUSY and pure QCD events. However, on the one hand, one could face again a possible region of m b -mg degeneracy and, on the other hand, one should cope with the ambiguities related to the concept of mass as defined at parton level and as measured at hadron level [41] . We would rather prefer to recall here what is usually done in experimental analyses in order to reduce the background from secondary vertices due to lighter quarks: that is, to impose a cut on the minimum invariant mass of the jet (typically around 1 GeV, see [38] ), which would not generally exclude gluino events from the 4jet sample (see Fig. 1 ). (iv) Experimental analyses have a minimal hadronic energy cut on each of the four jets, in order to reduce the background due to poorly reconstructed events. Now, light gluinos decay either viag → qqγ or viag → gγ (whereγ represents the photino, see Section 4.2), and the corresponding signature [42] is in both cases the SUSY-typical one: a jet with missing energy (as the photino escapes the detectors). Thus, one has to carefully consider whether the left-over energy for the jet is larger than the experimental cut in hadronic energy; or better, to work out which is the optimal trigger requirement to adopt in order to retain gluino events in the 4jet sample, while still reducing unwanted hadronic background.
We would like to conclude this Section by emphasising that measuring the charge of the V -tagged jet, attempting to disentangle different decay lengths or measuring partonic masses (points (i)-(iii)) could well be further refinements of the minimal trigger procedure that we are proposing here. In addition, all these aspect would again necessarily rely on a proper experimental analysis, which is beyond the scope of this study. Point (iv) will be dealt at the end of the next Section. Finally, it is also clear why we confined ourselves to secondary vertex analyses only, thus neglecting other possible forms of heavy quark/gluino tagging, such as [38, 43] the reconstruction of V -decays by observing a high p T lepton, which is also widely diffused and which could in principle rely on the full sample of Z hadronic decays (also before 1991). This has been done because, on the one hand, gluinos do not decay semileptonically and, on the other hand, secondary vertex reconstruction has a larger efficiency with respect to the high p T lepton method, as well as compared to other forms of b-tagging [38, 43] .
Results

Four jet rates
Our results on the different production mechanisms of 4jet events at LEP I are summarised in Figs. 4-12. In Fig. 4 we study the effect of a non-zero gluino mass in the total cross section of the process e + e − → qqgg for the schemes described in Section 2 and for different values of the y cut parameter. For mg > ∼ 5 GeV the cross section falls exponentially in the J and D schemes. For the G scheme the exponential behaviour starts somewhat earlier, at mg > ∼ 2 GeV, and for the E scheme at about mg > ∼ 7 GeV. Notice that in any case the contribution for mg > 10 GeV begins to be very small.
The cross section rates as a function of y cut for the different subprocesses contributing in our V -tagging procedure are displayed in Fig. 5 . Notice that the largest contribution comes from the subprocess e + e − → bbgg, which is almost one order of magnitude bigger that the other two in the whole range of y cut . How to ameliorate this situation will be discussed below. The gluino rates are shown for three reference masses, mg = 1, 5, 10 GeV. The rates for small gluino masses are roughly of the same order as the quark rates summed over flavours (q = u, d, s, c and b) . Obviously, at large y cut mass effects start to disappear, having the cross sections similar behaviours for all values of mg. Figures 6 and 7 show the improvements that can be achieved with heavy flavour tagging. The gluino mass has been fixed at 5 GeV, though the main features of the plots do not depend on mg. The variable Y ij is the invariant scaled mass
where s is the center of mass energy (s = M 2 Z ) and the indexes ij label the jets as follows: (12) refer to the tagged jets in the case of V -tagging, and to the most energetic jets in the case of energy ordering; (34) correspond to the two remaining jets. The distributions are normalised to one. Notice in Fig. 6a that the 2g2q and 2b2q events are peaked at low Y 12 while the 2b2g events are evenly distributed. The peak in the first two cases is easily understood as it comes from the propagator g * → bb/gg, which is not present in the third case (the tagged jets there come always from the Z decay). The long tail of the 2b2q spectra comes from the fact that there can be 'miss-tags' of b's coming from the Z propagator. The peak for 2q2g is even narrower, as the two gluinos are always produced through gluon splitting, apart from a small contamination of miss-tags coming from 2b2g. The strategy is now clear: for Y 12 < 0.2 most of the SUSY signal is retained while 2b2q(2b2g) events are reduced roughly by a factor of two(four). Notice that when energy ordering is performed (Fig. 6b ) this effect is washed out, as all the distributions have a similar shape and no useful cut can be devised. Note also that the distributions are finite due to the masses of the tagged jets and loops will not change significantly the behaviour presented here. The situation is even better if we look at Fig. 7a : the distribution for 2q2g is flat and the other two distributions are peaked at Y 34 = 0. This effect is just the complementary of Fig. 6a , the (34) jets come from the Z propagator in the 2q2g events while show the peak of the gluon splitting for the other two cases. Again, when energy ordering is performed, Fig. 7b , the effect is wiped off and no useful cut can be extracted. In summary, we adopt the following requirements to optimise the SUSY signal over the ordinary QCD background: Y 12 < 0.2 and Y 34 > 0.1. Notice that the use of the tagging procedure has been crucial for such an achievement.
In Fig. 8 we show the different contributions to the total cross section in our tagging procedure like in Fig. 5 , but with the improved sample. Notice that the 2b2g event rates, which were one order of magnitude bigger than those of the other two partonic components, have been greatly reduced. All contributions are now comparable (at least for mg = 1 ÷ 5 GeV) and in some cases (the G scheme for mg = 1 GeV) the SUSY signal dominates over the QCD one.
In Figs. 9-12 we show (for the improved sample) the distributions in the 4jet angular variables: the Bengtsson-Zerwas angle, χ BZ ; the (modified) Körner-Schierholz-Willrodt angle, φ * KSW ; the cosine of the (modified) Nachtmann-Reiter angle, cos θ * N R ; and the cosine of the angle between the two untagged jets, cos θ 34 . The mass of the gluino has been taken as mg = 5 GeV. Notice that in all distributions and for all schemes the QCD+SUSY scenario shows a significant increase over pure QCD.
Therefore, after our event selection, SUSY signals would be certainly identifiable as a clear excess in the total number of 4jet events with two displaced vertices. As far it concerns differential spectra, the biggest discrimination is obtained for the first three variables discussed. Fig. 9 shows that even the shape of the distributions is different for QCD (concave) and QCD+SUSY (convex). Due to spin effects, 2b2g and 2b2q behave differently in the χ BZ variable [28] , and the enhanced contribution of the 2q2g events, which spin-wise behaves as 2b2q, renders the shape to become convex. The usefulness of these angular variables to discriminate, e.g., from an Abelian model of QCD, has been presented in [22, 44] .
Gluino decays
In discussing the possible decay modes of the gluino, two assumptions need to be made. The first is the condition of R-parity conservation. The second is the choice of the lowest mass Supersymmetric particle.
R-parity, defined to be even for ordinary particles and odd for their Supersymmetric counterparts, needs to be preserved if lepton and baryon numbers are exactly conserved. This implies that the lightest Supersymmetric particle is exactly stable. Although it is possible to consider R-parity violating modes, the fact that such channels must be suppressed in order to respect lepton and baryon number conservation implies that they are hardly likely to contribute.
In this paper we shall take it for granted that the neutralino (photino) is the lowest mass Supersymmetric particle. Failing this condition, the next likely choice is the case where the scalar neutrinos are lower in mass. Decays involving the scalar neutrinos are generally fourbody decays involving weak interactions and hence suppressed. If scalar neutrinos are to contribute significantly to the total decay width, not only would they have to be the lowest mass Supersymmetric particles but the neutralino would need to be higher in mass than the gluino.This requires an unusual choice of parameters for any theory of Supersymmetry, and in addition these gluinos would be so long lived that they would hadronise before decaying. On the other hand, if this was the case, there would be new long lived hadronic states, which have not been observed [2, 45] .
The choice of the scalar quark massesM L andM R [1] affects the gluino branching ratios. In particular, considering only one flavour of massless quarks and assuming that the photino is massless, the ratio between the widths of the two dominant gluino decay modes is given by:
Therefore, the quark-antiquark-neutralino decay channel is largely dominant over the gluonneutralino one. However, in some SUSY models the L and R mass eigenstates may differ by a factor of two or even more, such that ( [42] . Furthermore, as the photino mass approaches that of the gluino, mγ/mg → 1, the three-body decay mode suffers from a further suppression, which goes as (1 − mγ/mg) 2 . A more extensive review of the gluino decay channels can be found, for example, in Section 3.4 of Haber and Kane [42] (see also references therein).
Since, in order to enhance the gluino contribution in the full 4jet sample, one could further select only restricted regions of the differential spectra in the angular variables that we have described, and since the behaviour of these strongly depends on the spin state of the partons in reactions (3)- (5), we have not used here the results published in literature for the gluino decay rates, as these are averaged over the helicities of the decaying particle. Instead we have recomputed the relevant Feynman amplitudes by preserving the gluino polarisation. In doing so, two different formalisms were employed in the calculation of the gluino helicity dependent matrix elements squared: the usual helicity projector method [47] and the techniques of Ref. [48] . The results obtained in the two methods agree for any polarisation state if in the latter formalism one modifies the helicity projections to coincide with the physical choice along the direction of the final partons. Thus, the result obtained is the generalisation of the spin averaged matrix elements of Ref. [46] . The formulae that we have obtained for the polarised gluino decays have been finally folded in the program computing the gluino cross sections, which uses itself helicity amplitudes for the production process (5) .
The results we have obtained for the energy distribution of the gluino jet after the two decays are displayed in Figs. 13a-c. Here, the crucial point is that in both channels the gluino decays into a jet with missing energy. Note that it is not our intention to discuss the possibility of selecting such a signature, as we are mainly concerned here with the fact that the energy left to the hadronic system E h is above the experimental cuts in minimal hadronic energy (e.g., in Ref. [19] the threshold was set equal to 3 GeV). The E h spectra are shown for two kinematical decay configurations: a massless photino, and a massive one (i.e., mγ = 1/2mg), and for three gluino masses mg = 1, 5, 10 GeV. The message is that in the most likely SUSY scenario (i.e., three-body decay dominant and massless photino) all gluino events should be retained in the event selection. Conversely, Figs. 13 illustrates the percentage of those which will pass the adopted trigger requirements.
Summary and conclusions
In this study we have emphasised the importance of analysing samples of 4jet events collected at the Z pole, in which two of the jets show a displaced vertex, and of adopting an appropriate event selection procedure, based on the kinematics of the different partons in the final state. This can help to settle down the ongoing dispute about the existence in the data of SUSY signals produced via e + e − → qqgg events. In fact, like b-quarks, also gluinos are expected to yield displaced vertices, over a large portion of the (mg, τg) parameter space not yet ruled out by the experiments. However, their kinematical behaviour is rather different from that of b-quarks, and this can be exploited to disentangle SUSY events from those produced by pure QCD interactions. Furthermore, in the most likely SUSY scenario, the missing energy arising from gluino decays should be well below the trigger thresholds of the LEP I detectors, thus allowing SUSY-events to be retained in the sample.
After exploiting the tagging strategy we have proposed, SUSY signals would certainly be identifiable as a clear excess in the final number of 4jet events and, in some instances, also differences in the spin dependence between the ordinary QCD events and the SUSY ones could be devisable (in the differential distributions of the angular variables commonly used to determine the colour factors of QCD). In the very end, the final goal of our approach would be to definitely assess the presence of gluinos at LEP I or to contradict the latter, at least over the appropriate regions of gluino masses and lifetimes.
Before closing, we would like to point out a few crucial aspects of our analysis. First, contrary to many previous studies (that did not exploit vertex tagging and/or kinematical cuts) in which the gluino component represents an effect of just a few percent (being thereby of the same order as next-to-leading and/or hadronisation corrections), we have been concerned here with SUSY rates that are always comparable or even bigger than those produced by pure QCD events. Therefore, the inclusion of the mentioned corrections should not spoil our results. Second, for the values of gluino mass that can be produced at LEP I, our conclusions are essentially the same independently of the jet algorithm and of the value used for y cut (although the actual cross sections and the behaviour of the distributions do certainly depend on them). In the end, the magnitude of higher order and hadronisation effects as well as experimental considerations will determine which algorithm and which resolution parameter are the most suitable to use. Third, since the key point of our approach is to exploit a b/g vertex degeneracy, a sample highly enriched of heavy flavours should be selected. By adopting the current LEP I values of vertex tagging efficiency and luminosity, we should expect a statistically significant analysis, based on several thousands of doubly tagged 4jet events. Fourth, since those presented here are theoretical results from parton level calculations, in the end they will necessarily have to be folded with detailed MC simulations, such that one could even improve at that stage our procedure: for example, by exploiting various differences (in charge, mass, lifetime) that occur between b-quarks and gluinos.
We finally stress that in the long term our arguments could well be of interest to the SLC experiment at SLAC, as microvertex devices are there installed and they are known to have achieved by now a remarkable tagging efficiency.
Figure Captions
[1] Excluded regions of gluino masses and lifetimes (shaded areas), from Ref. [3] .
[2] Feynman diagrams at lowest order contributing to 4jet production in e + e − annihilations in ordinary QCD: 2q2g contribution (a,b and c); 4q contribution (d). All possible permutations are not shown. [3] Additional Feynman diagrams at lowest order contributing to 4jet production in e + e − annihilations in QCD+SUSY: 2q2g contribution. The other permutation is not shown.
[4] Cross sections for 2q2g production. A sum over the quark flavours q = u, d, s, c and b is implied. Curves are given as function of the gluino mass, for the four different algorithms J, E, D and G introduced in the text and three choices of the jet-scheme resolution parameter. [5] Cross sections for the three different contributions to 4jet production in QCD+SUSY, in case of V -tagging. Quark flavours are intended as summed over q = u, d, s, c and b. Curves are given as function of the jet-scheme resolution parameter, for the four different algorithms J, E, D and G introduced in the text and three different values of gluino mass: mg = 1(5) [10] GeV, in dotted(chain-dashed)[chain-dotted] lines.
[6] (a) Differential distributions in the rescaled invariant mass of the V -tagged pair of jets for the three different contributions to 4jet production in QCD+SUSY. Quark flavours are intended as summed over q = u, d, s, c and b. Curves are given for the four different algorithms J, E, D and G introduced in the text, for the minimum of the jet-scheme resolution parameters. The gluino mass is set equal to 5 GeV. Distributions are normalised to unity. (b) The same distributions in case of energy ordering of the jets. Here, the invariant mass corresponds to that of the two most energetic jets. An additional sum over q ′ = u, d, s, c and b is implied.
[7] Differential distributions in the rescaled invariant mass of the untagged pair of jets for the three different contributions to 4jet production in QCD+SUSY. Quark flavours are intended as summed over q = u, d, s, c and b. Curves are given for the four different algorithms J, E, D and G introduced in the text, for the minimum of the jetscheme resolution parameters. The gluino mass is set equal to 5 GeV. Distributions are normalised to unity. (b) The same distributions in case of energy ordering of the jets. Here, the invariant mass corresponds to that of the two least energetic jets. An additional sum over q ′ = u, d, s, c and b is implied.
[8] Cross sections for the three different contributions to 4jet production in QCD+SUSY, in case of V -tagging, after the kinematical cuts. Quark flavours are intended as summed over q = u, d, s, c and b. Curves are given as function of the jet-scheme resolution parameter, for the four different algorithms J, E, D and G introduced in the text and three different values of gluino mass: mg = 1(5) [10] GeV, dotted(chaindashed)[chain-dotted] lines.
[9] Differential distributions in the Bengtsson-Zerwas angle for the complete sample of 4jet events in ordinary QCD and in QCD+SUSY, in case of V -tagging, after the kinematical cuts. Curves are given for the four different algorithms J, E, D and G introduced in the text, for the minimum of the jet-scheme resolution parameters. The gluino mass is set equal to 5 GeV.
[10] Differential distributions in the modified Körner-Schierholz-Willrodt angle for the complete sample of 4jet events in ordinary QCD and in QCD+SUSY, in case of Vtagging, after the kinematical cuts. Curves are given for the four different algorithms J, E, D and G introduced in the text, for the minimum of the jet-scheme resolution parameters. The gluino mass is set equal to 5 GeV.
[11] Differential distributions in the cosine of the modified Nachtmann-Reiter angle for the complete sample of 4jet events in ordinary QCD and in QCD+SUSY, in case of Vtagging, after the kinematical cuts. Curves are given for the four different algorithms J, E, D and G introduced in the text, for the minimum of the jet-scheme resolution parameters. The gluino mass is set equal to 5 GeV.
[12] Differential distributions in the cosine of the angle between the untagged pair of jets for the complete sample of 4jet events in ordinary QCD and in QCD+SUSY, in case of Vtagging, after the kinematical cuts. Curves are given for the four different algorithms J, E, D and G introduced in the text, for the minimum of the jet-scheme resolution parameters. The gluino mass is set equal to 5 GeV.
[13] Differential distributions in the hadronic energy of the 'gluino jet' after the SUSY decaysg → qqγ (continuous and dashed lines) andg → gγ (dotted and chain-dashed lines), whereγ represents the 'photino'. The masses of this latter are mγ = 0 (continuous and dotted lines) and mγ = 1/2mg (dashed and chain-dashed lines). Gluino masses are: mg = 1 (a), 5 (b) and 10 (c) GeV. Curves are given for the four different algorithms J, E, D and G introduced in the text, for the minimum of the jet-scheme resolution parameters. Normalisations are to unity. No kinematical cut is here applied. Fig. 1 
